ABSTRACT The previously proposed resonance-based reflector (RBR) antennas have the merits of wide impedance bandwidth, low-profile, and unidirectional pattern; however, their front-to-back ratio (FBR) bandwidths are narrow. In this paper, a wideband RBR is proposed for FBR bandwidth enhancing antenna with a low profile. The proposed RBR consists of a metallic ring with three stubs printed on a substrate. It has a ±90 • in-phase bandwidth of 63.57% (3.23-6.24 GHz) and its reflection magnitude values range from −0.02 to −11.5 dB within the in-phase band (−90 • < ϕ < 90 • ). Compared with the existent RBRs, the proposed RBR achieves a greater reflection magnitude within the in-phase band, which would be critical for FBR enhancement of an antenna. The proposed RBR is applied to a ring-loaded teardrop-shaped bowtie antenna to form unidirectional radiation pattern. The measured −10-dB impedance bandwidth of the proposed antenna is 3.48-6.12 GHz (55.00%), while FBR values are larger than 10 dB within the whole impedance band and the maximum FBR value is up to 20.4 dB. The peak gain is bigger than 7.3 dBi within the whole impedance band. There is a reasonable agreement between the simulated and measured results. The profile of the overall unidirectional antenna is 0.15λ L at the lowest operating frequency, and the RBR has the same size as the bowtie antenna. Compared to the previous RBR antennas, the proposed RBR antenna has wider FBR bandwidth. The operating band of the antenna is suitable for 5G system applications.
I. INTRODUCTION
Ultra-wide band (UWB) directional antennas are characterized by high security, good efficiency, low transmission power and high data rates, thus, more attentions have been paid to UWB directional antennas, which are also desired with the characteristics of compactness and low-profile. Such an antenna has a significant role in many applications, such as point to point communication, military services, wireless body area networks (WBAN) and microwave imaging [1] - [5] . Moreover, the 5G systems are expected to be The associate editor coordinating the review of this manuscript and approving it for publication was Chan Hwang See. deployed in the market beyond 2020 [6] . The frequency range of 3300-4200 MHz will be the primary band in the spectrum below 6 GHz for the global introduction of fifth generation (5G) reported by the Global mobile Supplier Association [7] . The potential frequency bands for 5G systems have been identified by Ofcom for range of 6 GHz and above [6] . Thus, to develop antennas that meet 5G systems applications would be interest.
To have directional radiations, reflectors are commonly used to design antennas, which are composed of radiating element and reflector. The common reflector is perfect electric conductor (PEC) and it can achieve a good unidirectional performance. However, there are drawbacks. Firstly, the overall profile of the directional antenna utilized PEC reflector is high. Since the reflection phase of the PEC is 180 • for a normal incident wave, the distance between the radiating element and the metal reflector should be λ/4 to avoid destructive interference of the reflected wave and radiated wave. Secondly, the PEC reflectors are usually much larger than the radiating elements. Besides, its bandwidth is limited owing to the restriction of λ/4 distance. In recent years, as metamaterials are proposed, such as Electromagnetic Bandgap (EBG) and Artificial Magnetic Conductor (AMC) structures, the radiation characteristics of the antenna is improved and its profile is low [8] - [11] . The EBG is a periodic structure with high impedance [12] in a limited frequency range, which can suppress surface wave propagation and provide a better performance for the directional radiation. An EBG structure also operates as AMC in certain band. Also, the AMC is a periodic structure and operates with 0 • reflection phase within a limited frequency range, which results in low-profile [12] antenna when it is applied as the antenna's reflector. However, an AMC cell is a high-Q resonator and its in-phase reflection band is narrow. Besides, it needs multiple periodic units, which makes the structure a large size. Another way to obtain directional radiating antennas is using Frequency Selective Surfaces (FSS) [13] , [14] . In [13] , a directional ultra-wide band antenna using dual-layer Frequency Selective Surface (FSS) reflector is designed, and it achieves an experimental bandwidth of 122% with gains about 7.5 dBi from 3 to 7 GHz and 9dBi ±0.5dB in 7-14 GHz. The composite structure is compact, with a total height of λ/4 (λ is the free-space wavelength at the lowest operating frequency of 3 GHz). In [14] , a directional ultra-wide band antenna using multi-layer FSS reflector with a profile of 19 mm (0.19λ, λ is the free-space wavelength at the lowest operating frequency of 3 GHz) is presented, and it provides a wide bandwidth of 3-15 GHz with a peak gain of 9.3 dBi. The FSS provides reflection-phase coherence (at the antenna plane) in a quit wide band and the antennas obtain good performances, however, there are some drawbacks. Firstly, the FSS is a periodic structure, and muti-periods are necessary for its function, which may result in a large size. For example, the sizes of the FSS in [13] is 1.19λ×1.19λ . Also, multi-layer structure may complicate an antenna.
In [15] , the concept of a novel reflector, resonance-based reflector (RBR), is proposed. A prototype of the RBR of ring shape was also discussed in [15] . The RBR in [15] named ring-shaped RBR is composed of a metallic ring attached on a substrate, which achieves an in-phase reflection band (−90 • < ϕ < 90 • ) from 1.97 GHz to 4.94 GHz (85.96%) and the reflection magnitude values (|S 11 |) range from -0.3 dB to −18.7 dB within the in-phase reflection band. The Case 2 of the RBR antenna in [15] has a measured bandwidth of 87.11% (1.97-5.01 GHz). However, its FBR bandwidth is only 37.29% (2.16-3.15 GHz), even with a standard of FBR > 5 dB (the FBR values range from 5-16 dB in the band). Although the unidirectional antenna in [15] covers wide impedance bandwidth, the FBR values are low at high frequencies. In order to enhance the FBR values, a ringshaped director (RD) was placed above a resonance-based reflector antenna to guide the high frequencies in [16] . The antenna in [16] covers a measured impedance bandwidth from 2.17-3.76 GHz (53.63%) and the FBR values range from 7-16 dB within the impedance bandwidth. The FBR bandwidth is wider and the FBR values are stable at high frequencies. However, the RD increases the profile. Moreover, with a standard of FBR > 10 dB, the bandwidth of the antenna in [16] is only 17.26%. In [17] , an RBR antenna is proposed for wideband electromagnetic imaging. The RBR in [17] has meandered structure, which can increase the electrical size of the loop reflector without physically altering the dimensions of the substrate. The meandered RBR in [17] is applied to a perpendicular wideband dipole antenna, and it achieves a measured wideband unidirectional radiation from 0.83 GHz to 1.90 GHz (78.39%). Though the bandwidth is very large, its gains are small (with a peak gain of 3.8 dBi) and its FBR values are small (maximal FBR value is only 9 dB).
To overcome the drawbacks of narrow FBR bandwidths and low FBR values of the previous RBR antennas, a wide band RBR is proposed in this research. The proposed RBR consists of a metallic ring with three stubs printed on a substrate. Compared to the ring-shaped RBR in [15] , the three stubs in this research affect the field distributions, and partial incident power is reflected by the stubs, which enhance the reflection. Therefore, the proposed RBR covers a wide in-phase reflection band (−90 • < ϕ < 90 • ) from 3.23 GHz to 6.24 GHz (63.57%) and its reflection magnitude values range from −0.02 dB to −11.5 dB within the in-phase reflection band. Thus, the proposed RBR is superior to the ring-shaped RBR. The proposed RBR is mounted on a ring loaded teardrop-shaped bow-tie antenna (RBR-TBAR), and the proposed RBR antenna is formed. The measured FBR of the proposed RBR antenna is larger than 10 dB within the whole impedance bandwidth (3.48-6.12 GHz (55.00%)) and the maximum FBR is up to 20.4 dB. The measured peak gain is larger than 7 dBi within the whole impedance band. Compared to the previous RBR antennas, the proposed RBR antenna shows higher FBR value and wider FBR bandwidth [15] - [17] , higher gain [17] , and a lower profile without the need of a director [16] . The proposed RBR antenna provides a good directional radiation pattern and its profile is 0.15λ L at the lowest operating frequency of the antenna. This paper is arranged as follows. The designing procedure is discussed in Section II. The design of the proposed RBR structure is provided in Section III. Section IV presents the simulated and measured results of the unidirectional antenna. Section V is a conclusion.
II. DESIGNING PROCEDURE AND CONCEPT OF THE RBR ANTENNAS
In the designing of uni-directional antennas; reflectors, such as PEC and AMC, are commonly used. The PEC has a reflection phase of 180 • , which requires a distance of λ/4 between the radiator and the reflector. The AMC has a reflection phase VOLUME 7, 2019 of 0 • , which can be used to design very low-profile antennas. However, it operates at its resonance and turn out to be very narrow band, and it requires periodic structure. Moreover, the coupling between the radiator and the AMC would wreck the antenna performances. Therefore, a certain distance between the radiator and the AMC is usually required to weak the coupling the improve the antenna performances. The RBR reflector has a reflector phase between −180 • < ϕ < 180 • , therefore, the distance between the radiator and the RBR is in between 0 to λ/4. The RBR do not needed to be periodical and it is very wideband as it operates above its resonance. The designing procedures of the RBR antennas are as follow:
Step 1: The designing of an RBR structure. The RBR structure is usually a half-wavelength resonator. Then, its reflection phase is disturbed and ranges between −180 • < ϕ < 180 • in a very wide frequency band above the resonance [15] .
Step 2: Tailoring the RBR structure to achieve a large reflection magnitude in a wide frequency band. A large reflection magnitude is important to obtain good FBR.
Step 3: Defining a reference plane. The reference plane has a distance d from the RBR surface. The reflection phase is −90 • < ϕ < 90 • at the reference plane.
Step 4: The designing of an UWB omni-directional antenna. The UWB antenna should have wide impedance bandwidth and compact size.
Step 5: The combining of the RBR structure and the UWB antenna. The UWB antenna is placed on the reference plane of the RBR structure. The parameters should be further optimized.
Through the above five steps, an UWB uni-directional RBR antenna can be successfully designed. Fig. 1 (a) is the schematic view of the reference ring-shaped RBR and Fig. 1 (b) is the schematic view of the proposed RBR. The proposed RBR is composed of a metallic ring with three stubs and they are printed on a F4B substrate with a thickness of 1mm and a relative permittivity ε r = 2.65. The longest metallic stub is along the radial direction of the ring, while the other two equal metallic stubs are parallel to the longest stub with the distance of R/2. All the parameters of the proposed RBR and the reference RBR are optimized as follows: L = 54mm, R = 26mm, R/2 = 13mm, W = 1 mm. Fig. 2 (a) is the schematic view of the simulation model for the proposed RBR. As the RBR is a resonant structure, the characteristics of RBRs are dominated by its own resonance and the structure itself, thus, the periodicity has small impact on the characteristics [16] , which means the coupling between RBRs is negligible. Thus, periodical boundaries can be set for the simulation model of the proposed RBR. It is set up with PEC boundary along the x-axis (to imitate the x-axis polarized wave), PMC boundary along the y-axis and open boundary along z-axis with the help of the electromagnetic full-wave simulation software, CST Microwave Studio. In addition, an air box is made and two wave ports are set up on the top and bottom (along z axis) of the air box to imitate infinitely long waveguides for reflection and transmission. The port 1 with distance d to the RBR surface is denoted as a reference plane and it produces an incident wave. Then, the reflection phase at the proposed RBR surface is denoted as ϕ 1 and the reflection phase at the reference plane is denoted as ϕ 2 .
III. DESIGN OF THE PROPOSED RBR
Assuming an uniform plane wave propagates from the reference plane to the RBR surface and reflects back to the reference plane. Then, the space phase shift is:
where β is phase constant. The phase of the reflected wave at the reference plane is described by the following equations:
In order to obtain in-phase coherence of incident and reflected wave at the reference plane, ideally ϕ 2 = 0 (or 2nπ, n = 1, 2, 3 · · · ), the distance d is:
It can also be written as:
From the equations (3) and (4), ϕ 1 = 0 outputs d = 0. It is the case of AMC reflector. However, the there is still some distance between the AMC and the antenna owing to their coupling effect. And, the AMC usually has a narrow in-phase band. For, ϕ 1 = π, it is the case of PEC reflector and d = λ/4. For this case (RBR), −180 • < ϕ 1 < 180 • , the d should smaller than λ/4. The d can also be optimized by full-wave simulation to obtain the in-phase −90 • < ϕ 2 < 90 • at the reference plane.
The reflection magnitudes and reflection phases of the proposed RBR and the reference RBR are shown in Fig. 3 for comparison. Fig. 3 (a) and (b) demonstrate the reflection magnitudes and phases at the RBR surfaces, respectively. From Fig. 3 (a) and (b) , the reference RBR resonates at 1.93 GHz (the reflection magnitude is 0 dB) and the proposed RBR resonates at 3.35 GHz. It is also found from Fig. 3 (a) , the proposed RBR obtains larger reflection magnitudes than the reference RBR in a wider band, which would be superiority as a reflector as discussed below. From Fig. 3 (b) , the reflection phases at the surfaces of the RBRs are 0 • < ϕ 1 < 180 • , which means their phases are in between the PMC (0 • ) and PEC (180 • ). Therefore, according equations (3) and (4), in a certain distance d from RBR surfaces, the reflection phases can be considered as in-phase (−90 • < ϕ 2 < +90 • ). In this research, the optimal d = 10 mm. It can be found from Fig. 3 (c) , the reference RBR covers the in-phase reflection band from 1.82 GHz to 3.62 GHz (66.18%), and the proposed RBR covers the in-phase reflection band from 3.23 GHz to 6.24 GHz (63.57%). Therefore, from Fig. 3 (a) and (c), the proposed RBR achieves a better reflection magnitude bandwidth within the in-phase reflection band. In Fig. 3 (a) , the reflection magnitude for the proposed RBR exceeds −5 dB (31.62% energy of incident wave is reflected) from 3.23 GHz to 6 GHz (60.02%) within its in-phase reflection band, while the reflection magnitude for the reference RBR exceeds −5 dB from 1.82 GHz to 2.83 GHz (43.44%) within its in-phase reflection band. That means the proposed RBR possesses a greater reflection magnitude values within its in-phase reflection band and it would enhance the FBR bandwidth.
To reveal the operating mechanisms of the bandwidth enhancement of the proposed RBR, the surface current distributions at the resonant frequencies of the reference RBR and the proposed RBR are shown in Fig. 4 for comparison. It is seen from Fig. 4 (a) , the surface currents for the reference RBR originate from one side and flow to the other side along the two semi-rings, respectively. As mentioned in [15] , the reference RBR operates as two λ/2 resonators, then, the wavelength of the resonance f r for the reference RBR (λ r = c/f r = 155.44mm) is almost equal to the equivalent perimeter of the ring (2π ×(R-W /2) = 160.22 mm (1.03λ r )). From Fig. 4 (b) , due to the introduction of the three stubs, parts of the currents and power of the two semi-rings are allocated to the three stubs. Part of the electromagnetic energy of the two semi-rings is coupled to the three stubs compared to the reference RBR, therefore, partial of the incident power is reflected by the stubs, which enhance the reflection. Besides, the semi-rings and the three stubs are in different sizes, which indicates reflection enhancement VOLUME 7, 2019 in a wide band. Thus, the proposed RBR achieves greater reflection magnitude values within its in-phase reflection band. As mentioned above, the reflection magnitude for the proposed RBR exceeds −5 dB from 3.23 GHz to 6 GHz (60.02%), but the reflection magnitude for the reference RBR exceeds −5dB from 1.82 GHz to 2.83 GHz (43.44%) within their respective in-phase reflection bands. The former enhances bandwidth of 16.58% with the introduction of three stubs than the latter. It is also noticed that, as the current path is shortened by three stubs, the proposed RBR operates at higher frequencies. The wavelength of the resonance f p for the proposed RBR (λ p = c/f p = 89.55mm) is not equal to the equivalent perimeter of the ring (2π ×(R-W /2) = 160.22 mm (1.79λ p ) ). However, from Fig. 4 (b) , the proposed RBR is still the composites of λ/2 resonators. 
IV. DESIGN AND RESULTS OF THE PROPOSED RBR ANTENNA A. THE PROPOSED RBR ANTENNA DESIGN
A bow-tie antenna is a planar antenna and it possesses many merits, such as small size, light weight, low cost, wide bandwidth, and an omnidirectional radiation pattern [18] - [20] . It is a good candidate for UWB wireless systems. On the contrary, a nonplanar bow-tie antenna named folded bow-tie antenna (FBA) is proposed for ground penetrating radar applications in [21] . In this paper, a planar bow-tie antenna is used as radiating element. The bow-tie antenna consists two symmetric teardrop-shaped patches. The smooth structure of the teardrop-shaped patches helps to smooth surface current and guarantee good impedance matching. The teardropshaped patches are printed on the two sides of a substrate (as shown in Fig. 5 (a) ), therefore, the patches can be fed by a microstrip line, whose impedance is transformed to 50 by a gradual balun, and the antenna can be fed by a coaxial SMA connector. As discussed in [22] - [23] , a loading ring can reduce antenna size, improve impedance matching and radiating performance. Thus, a metallic ring is used in this research. As the bow-tie antenna is fed by a co-planar microstrip line, the ring has to be printed on another substrate as demonstrated in Fig. 5 (a) . Both the substrates are F4B with a thickness of t = 1 mm and a relative dielectric constant of ε r = 2.65. The |S 11 | curves for the teardrop-shaped bow-tie antenna (TBA) (without a loaded ring) and the TBA with a ring (denoted as TBAR) are shown in Fig 5 (b) . As shown in the figure, the TBAR operates to a lower frequency (1.77 GHz) compared to the TBA (3.52 GHz). The optimized dimensions of the TBAR are shown in Table 1 .
The proposed RBR is loaded to the TBAR with the optimized distance of d = 10 mm as Fig. 6 shown to realize unidirectional radiation. The antenna thickness is 13 mm. Four cylindrical plastic posts with the relative permittivity of ε r = 4 are embedded between the TBAR and the proposed RBR to support the structures. The height (h) of the plastic posts are 19.22mm as depicted in Fig. 6 . Note that, the balun fed to the bow-tie antenna in [15] is perpendicular to a reflector, which would be a restriction for some applications. In this design, the two symmetric teardrop-shaped patches are printed on the two sides of the substrate, so that the balun is parallel to the reflector, which can achieve a lower profile and size reduction. Note that, as the TBAR and the proposed RBR are assembled together, there is no returning work required for the structures. 
B. RESULTS AND DISCUSSION
The proposed RBR antenna is fabricated and measured as shown in Fig. 7 . The dimensions of the antenna are 71.6×54×13 mm 3 
the lowest operating frequency of the antenna). Its |S 11 | was measured by the vector network analyzer (AV3656B) produced by China Electronics Technology Group Corporation (CETC)'s 41st Research Institute. Its radiation patterns, FBR and gain were measured by the NSI2000 system in an anechoic chamber. Fig. 8 shows the |S 11 | curves of the simulation and measurement. The proposed RBR antenna covers the simulated impedance bandwidth from 3.41 GHz to 6.22 GHz (58.36%), while the measured impedance bandwidth is of 3.48-6.12 GHz (55.00%). There is a good agreement between the measured and simulated results except small deviations which is due to the limitations in fabrication and measurement setup. Fig. 9 (a), (b) , (c) and (d) shows the radiation patterns (E-Plane and H-Plane) of the proposed RBR antenna at 4, 5, 5.5, and 6 GHz, respectively. Owing to the limitation of the measuring environment, only a haft of the radiation pattern can be measured in a time, therefore, a front pattern and a back pattern are measured separately and made together to form a whole radiation pattern. Though discrepancies between the simulated and measured results are observed, there is still a reasonable agreement between the simulated and measured radiation patterns. And, both the simulated and measured patterns verify good unidirectional patterns at the four frequencies. It is found that all the direction of maximum radiation is slightly off the normal, which is due to the antipodal layout of the antenna itself [24] . 10 shows the simulated and measured FBR curves. The FBR is defined as the ratio of the front radiation (0 • ) to the back radiation (180 • ). The measured FBRs are larger than 10 dB in the impedance matching band. Fig. 11 shows the simulated and measured peak gains. As shown in the figure, the simulated gains range from 6.8 dBi to 10.44 dBi in the operating band, and the measured gains range from 7.3 dBi to 9.03 dBi. Fig. 12 only shows the simulated directivity and efficiency of the proposed RBR antenna. The directivities are more than 6.8 dBi and the efficiencies are above 87.65% in the operating band.
The performances comparisons between the proposed RBR antenna and other designs in [8] , [10] , [13] , [15] - [17] , and [25] are given in Table 2 . The antennas in [8] and [13] occupy large areas, and the antenna in [10] has a high profile. Besides, the FBR characteristics are not discussed in [8] , [10] , and [13] . The FBR bandwidths of the antennas in [15] - [17] and [25] are narrower than this design, even they are based on a lower FBR standard. For example, the antennas in [15] obtains an FBR bandwidth of 37.29%, even in a low FBR standard of 5 dB (FBR > 5 dB). In [16] , though additional director is used to enhance the FBR bandwidth (which complicates the structure and results in higher profile), its FBR [8] , [10] , [13] , [15] - [17] , and [25] (λ L is calculated at the lowest operating frequency of antennas). bandwidth is only 17.26% with FBR > 10 dB. In [17] , though the antenna presents uni-directional radiation in a very wide band, its FBR bandwidth is not mentioned, and its max FBR value is only 9 dB. In [25] , the antenna utilizes two RBR and achieves two opposite uni-directional circular polarized radiation bands. One is the front-fire band (FFB) and the other is the back-fire band (BFB). The FBR bandwidths of the FFB and the BFB are of 20.0% and 46.9%, respectively, with a low FBR standard of 5 dB (FBR > 5 dB). In this design, the FBR bandwidth is up to 55% with a high FBR standard of 10 dB (FBR > 10 dB). Besides, the antennas in [15] , [16] , and [25] are fed by gradual baluns that is perpendicular to the antennas, which would be negative effect for the profiles of the antennas. In this design, the antenna is fed by co-planar balun, which would be beneficial for some applications. From Table 2 , this design has better peak FBR and peak gain values.
V. CONCLUSION
A wideband RBR is proposed in this paper and it has an in-phase band of 3.23-6.24 GHz (63.57%). The proposed RBR antenna achieves a measured wide impedance bandwidth from 3.48 GHz to 6.12 GHz (55.00%). The measured FBR is larger than 10 dB within the whole impedance matching band and the maximum FBR is up to 20.4 dB. The measured peak gain is more than 7.3 dBi within the whole band. It also achieves good unidirectional patterns and there is a good agreement between the measured and simulated results. The profile of the overall proposed RBR antenna is 0.15λ L at the lowest operating frequency of the antenna and the simulated efficiencies are above 87.65% in the operating band. The proposed RBR antenna possesses the merits of compactness, good unidirectional performance, low-profile and enhanced FBR bandwidth. Therefore, the proposed RBR antenna is a good candidate for 5G systems applications. 
